While non-arthropod orthologues have been found for many Drosophila eye developmental genes, this has not been the case for the glass (gl) gene, which encodes a zinc finger transcription factor required for photoreceptor cell specification, differentiation, and survival. This study reports sequence and expression analysis of the gl orthologue of the flour beetle Tribolium castaneum. A strongly conserved C-terminal zinc finger binding region and a moderately conserved N-terminal transcriptional activation domain characterize the putative Tribolium gl protein.
Introduction
Most higher insects like Drosophila perceive visual information via three photoreceptive sense organs during their life cycle: the lateral compound eyes, dorsomedian ocelli of the adult head, and the larval eyes, which are specific to the immature instars. The photoreceptors harbored in these different organs are substantially diversified with regards to morphology, spectral sensitivity, and neuronal connectivity. Even within the compound eye, photoreceptors sort into subclasses based on morphology, neuronal projection, and photopigment expression. Yet all photoreceptors share a basic set of structures and proteins that are essential for and specific to photoreceptor function in general including the components of the phototransduction pathway, a membrane compartment specialized for light harvesting, the rhabdomere, and screening pigments. The expression of the underlying cluster of photoreceptor-specific genes differentiates photoreceptor cells from other neuronal cells. The induction of these photoreceptor core genes during development marks the transition from neuronal to photoreceptor cell fate. In Drosophila, this event is coordinated by the glass (gl) gene, which encodes a transcription factor with an N-terminal transcriptional activation domain and a C-terminal cluster of five zinc fingers (Moses and Rubin, 1991; Moses et al., 1989) . In strong gl mutants, the prospective photoreceptor cells initiate neuronal differentiation but fail to express photoreceptor-specific genes such as chaoptin or rhodopsin (rh), and eventually die. Flies lacking gl function have strongly reduced compound eye fields and pigmentless ocelli, but are otherwise morphologically normal and viable.
The visual system specificity of the gl phenotype is consistent with the fact that gl expression is largely restricted to developing photoreceptor cells. In the Drosophila embryo, gl expression initiates in the larval photoreceptors, in the corpora cardiaca and in two additional clusters of as yet uncharacterized cells in the forebrain (Ellis et al., 1993; Moses and Rubin, 1991; Moses et al., 1989) . During development of the adult visual system, gl is expressed in the compound eye retina, the ocelli, and several cells in the brain, some of which have been associated with diurnal rhythm entrainment (Moses and Rubin, 1991; Vosshall and Young, 1995) . In the differentiating retina, gl is most strongly expressed in all cells within the morphogenetic furrow, the anterior border of cell differentiation, which traverses the eye imaginal disc in posterior -anterior direction (Ellis et al., 1993; Moses and Rubin, 1991) . Posterior to the furrow, gl protein refines to cells participating in the formation of ommatidia but significantly higher gl mRNA levels are expressed in the photoreceptor cells. gl function in nonphotoreceptor cells is thought to be suppressed by an unknown transcription factor (Ellis et al., 1993) .
gl has been nominated a ''master transcriptional regulator of photoreceptor development'' based on the finding that gl regulates the expression of a large number of photoreceptor cell differentiation genes in a complex manner (Treisman and Rubin, 1996) . Consistent with this, highthroughput profiling of genes expressed posterior to the morphogenetic furrow identified a cluster of strongly expressed genes that share a putative gl binding site enhancer element (Jasper et al., 2002) . Given its essential and broad role in Drosophila photoreceptor development and considering that many genes involved in eye development have been found functionally conserved, one might also expect gl to be strongly conserved during evolution. The presence of gl-like binding sites in the regulatory region of vertebrate eye-specific genes has been interpreted to indicate the existence of gl orthologues in vertebrates (Sheshberadaran and Takahashi, 1994) . Nonetheless, in spite of targeted cloning efforts in mouse, the only organism from which an orthologue of gl could be isolated so far is Drosophila virilis, which is closely related to Drosophila melanogaster (Mack et al., 1997; O'Neill et al., 1995) . Here we report cloning and expression analysis of gl in the flour beetle Tribolium castaneum, which diverged from Drosophila approximately 350 million years ago. Homology searches also identified bona fide gl orthologues in the genomes of the mosquito Anopheles gambiae and the nematode Caenorhabditis elegans.
The second part of this study describes aspects of Tribolium embryonic visual system development, which could be studied due to the conserved expression of Tribolium gl in developing photoreceptors and provided insight into the modifications of development associated with the evolution of the larval eyes in holometabolous insects. The larval form of holometabolous insects represents a striking case of morphological novelty derived from a conserved adult body plan because of the evolution of complete metamorphosis (Fig. 1) . The large number of derived aspects of the larval morphology includes the possession of lateral eyes, which in most species exhibit little similarity to the adult compound eyes. The latter consist of a regular array of several hundreds of self-contained photoreceptive cell units, the ommatidia. A single ommatidium consists of eight photoreceptor cells, four cone cells, two primary pigment cells, and a more variable number of accessory pigment cells. The larval eyes on the other hand are usually much smaller, and composed of one or more discrete cell assemblies, also called stemmata. While the cellular architecture of the adult compound eye is highly conserved, stemmata exhibit a wide range of morphological variation (for review, see Gilbert, 1994) . A single stemma may consist of photoreceptor cells only or include cone and pigment cells in addition. In many species, the number of photoreceptors joined into a single stemma often exceeds the canonical number of eight in the adult ommatidium. A well- Fig. 1 . Evolutionary diversification of larval and adult body plans in higher insects. The cladogram reflects the descent of the larval body plan of holometabolous insects such as beetles and flies from that of the adult form, which in primitive insects like grasshoppers is still conserved during postembryogenesis. Like many other larva-specific structures, the highly diverged larval eyes seen in most holometabolous insect species are thought to have evolved from their adult equivalent, in this case the compound eyes.
known example is the assembly of 12 photoreceptors, which constitute the Bolwig organ, the internalized larval eye of Drosophila (Bolwig, 1946; Steller et al., 1987) . In some coleopteran and hymenopteran species, a single stemma may contain several hundreds of photoreceptors (Friedrichs, 1931; Meyer-Rochow, 1974) . The most primitive larval visual organs are found in representatives of the Mecoptera (scorpion flies). In mecopteran species of the genus Panorpa or Nannochorista, the larval eyes represent reduced fields of adult-like ommatidia, which, however, do not merge with the adult retina during metamorphosis (Melzer et al., 1994) . Paulus (1979 Paulus ( , 2000 interpreted the occurrence of larval eyes with detailed resemblance to the adult retina as evidence of an evolutionary origin from the adult compound eye. Mechanistically, it was proposed that the stemmata evolved by developmental genetic decoupling and subsequent modification of a part of the ancestral adult retina field, which in the ancestors of holometabolous insects initiated development during embryogenesis (Paulus, 1986 (Paulus, , 1989 . This ancestral situation is still conserved in nonholometabolous insects, in which the first ommatidia of the adult eye form during embryogenesis, are maintained during postembryogenesis, and eventually contribute a major fraction of the posterior compound eye field in the adult (Anderson, 1972; Friedrich, 2003, in press) .
Using the gl gene as a marker, we were able to trace the onset of the larval photoreceptor differentiation to the posterior margin of the Tribolium embryonic eye lobes. This is consistent with conclusions drawn from a previous histological study of larval eye development in a meloid beetle species (Heming, 1982) . Comparison with the embryonic onset of retina differentiation in the hemimetabolous grasshopper species Schistocerca americana lends support for the homology of holometabolous insect larval eyes to the firstborn photoreceptors of the adult retina in nonholometabolous insects. In addition, we found that the two stemmata of the mature Tribolium larval eye form by fusion of five discrete initial photoreceptor cell clusters. This observation confirms the hypothesis that the fusion of ancestral ommatidia facilitated the evolution of stemmata with many photoreceptors (Paulus, 1986) .
Materials and methods

Beetle stocks
T. castaneum lines used were wild-type Chicago strain, vermilion white (v w ) and pBac{3XP3-EGFP}af (Horn et al., 2000; Lorenzen et al., 2002) . All stages were cultured at 30jC on 5% yeast fortified whole-wheat flour. Grasshoppers (S. americana) were raised on fresh wheat supplemented with dried wheat germ in small cages at 31jC. Egg pods were collected from 12-cm-diameter cups containing fine vermiculite.
Cloning of the Tribolium gl cDNA
A DNA fragment extending from the first to the fourth gl zinc finger coding region was amplified from 50 ng of Tribolium total genomic DNA by two rounds of PCR using degenerate primers against the amino acid motifs STLKTH (first finger, upstream primer) and HLRIHSG (fourth H/C link, downstream primer). Gelpurified fragments of the first-round PCR were used as template in the second-round PCR. PCR amplifications were carried out on a Perkin Elmer Thermocycler with an initial 5 min 94jC of denaturation followed by 20 cycles of 1 min at 94jC, 1 min at 60jC, and 2 min at 72jC. Extension time at 72jC was extended to 4 min for 20 subsequent cycles before final termination at 72jC for 10 min. The resulting PCR fragment was Klenow-treated and blunt end cloned into SmaI cut M13. Three independent clones yielded an identical sequence with significant similarity to the corresponding region in Drosophila gl. This PCR fragment was used to screen a T. castaneum genomic library using standard methods (Brown et al., 1990; Sambrooke et al., 1989) , which yielded one clone that contained sequence extending from the first finger into the 3'UTR (GenBank accession number AY490815). Sequence analysis of coding region upstream of the zinc finger cluster was prevented by the presence of a large intron (>1000 bp) in the first finger of Tribolium gl not present in D. melanogaster gl (Moses et al., 1989) .
Further sequences flanking the PCR fragment were therefore cloned by RT-PCR. One-day-old pupal heads were dissected in RNAlater solution (Ambion) and stored at À70jC before total RNA isolation with the RNAqueous Kit (Ambion) followed by mRNA purification with PolyATract System III (Promega). The central part of the open reading frame was amplified with degenerate upstream primers that were directed against amino acid motifs GYVPNNP and PPLDIDP, which are conserved between D. melanogaster and A. gambiae gl, and speciesspecific downstream primers against the zinc finger region of Tribolium gl. A 900-bp Tribolium gl-specific RT-PCR fragment identified by nonradioactive hybridization with a digoxigenin-labeled DNA probe of the Tribolium gl PCR fragment (DIG DNA Labeling and Detection Kit, Roche Biochemicals) was cloned into pGEM-T (Promega) and five independent clones were sequenced. These clones differed only by three unique nucleotide differences most likely due to PCR misincorporation. 3V and 5VRACE experiments were carried out using the Firstchoice RLM-RACE Kit (Ambion). The 3VRACE product obtained confirmed the 3VUTR sequence derived from the partial Tribolium gl genomic clone. To increase 5VRACE specificity and yield, a third primer (5VGCG-GCGATGAATGAACACTGCGTTTGC 3V) was designed in addition to the two 5VRACE upstream primers provided by the manufacturer and three rounds of nested PCR were performed, which yielded a single 400 fragment covering the 5V UTR. RT-PCR with a primer combination extending from bp 179 to bp 1564 yielded a roughly 1400-bp-long PCR fragment, which was cloned and sequenced and confirmed the authenticity of the inferred Tribolium gl cDNA contig.
All RT-PCR reactions were performed using Platinum Taq Polymerase (Invitrogen) on a T3 Biometra Thermocycler applying a touch-down cycling protocol. During the five initial cycles of 30-s denaturation at 94jC, 1 min of annealing at 60jC, and 2 min of extension at 72jC, the annealing temperature dropped 2jC with every cycle. This was followed by 15 cycles of 30 s at 94jC, 50 s at 50jC, and 2 min at 72jC, another 15 cycles of 30 s at 94jC, 30 s at 50jC, and 4 min at 72jC. The reaction was terminated by 5-min extension at 72jC. Cloned fragments were sequenced with the BigDye Terminator Sequencing Kit (Applied BioSystems). Sequence analysis and alignments were carried out with MacVector 6.0.1 (Oxford Molecular Group) and Clustal W (Thompson et al., 1994) . The Tribolium cDNA gl contig was deposited in GenBank (accession number AY293621).
Whole-mount in situ hybridization
For the analysis of Tribolium gl expression, a clone was constructed combining the Tribolium gl cDNA fragments obtained from 3VRACE and nested RT-PCR in the same reading direction to serve as template for in vitro transcription. The resulting Tribolium gl digoxygeninlabeled RNA antisense probe covers most of the open reading frame and the 3V end (with the DIG RNA Labeling Kit, Roche Biochemicals). For whole-mount in situ hybridization on Tribolium embryos or late larval and early pupal heads, the protocols by Wolff et al. (1995) or Friedrich and Benzer (2000) were followed, respectively. We used the vermilion white (v w ) strain for in situ hybridization experiments on postembryonic and late embryonic stages to avoid false-positive signal in the pigment accumulating photoreceptor cells occasionally observed in negative controls with wild-type beetles. Double-labeling, whole-mount in situ hybridization on Tribolium embryos was performed with the digoxigenin-labeled antisense Tribolium gl probe and a biotin-labeled RNA antisense probe of the Tribolium wingless (wg) gene (Nagy and Carroll, 1994) . Drosophila gl cDNA clone 5A6 served as template for digoxigenin probe preparation for whole mount in situ hybridization on Drosophila eyeantennal imaginal discs (Moses et al., 1989) . Wholemount in situ hybridization on grasshopper embryos with a digoxigenin-labeled grasshopper wg antisense RNA probe followed by labeling with monoclonal antibody 13E10 was carried out as described (Friedrich and Benzer, 2000; Sanchez et al., 1996) . Images were taken with a SPOT RT digital camera (Diagnostic Instruments, Inc.) coupled to a Leica MZ 12.5 stereomicroscope or a Zeiss Axioscope.
Immunohistochemistry
For labeling with phalloidin or double-labeling with phalloidin and anti-HRP antibody Tribolium embryos were fixed for 20 min in 3.7% formaldehyde in 1Â PEMS buffer (0.1 M Pipes pH 7.0, 2 mM EGTA pH8.0, 1 mM MgSO 4 ) and devitellinized by mechanical disruption by aspirating four to five times through a 19-gauge syringe needle. Embryos were then washed in PBT, blocked for 1 h in PBT + 0.1% BSA and incubated overnight at 4jC in PBT containing 1:50 diluted Rhodamin-conjugated Phalloidin (Molecular Probes) and 1:1000 diluted FITC-conjugated anti-HRP antibody (Jackson). After three rounds of 20-min washes in PBT, embryos were cleared in 70% glycerol/PBS supplemented with 2.5% DABCO and individually mounted. For investigation of the early larval visual system, pBac{3XP3-EGFP}af embryos soaked for 2 min in 25% commercial bleach, or first instar larvae fixed in 3.7% formaldehyde in 1Â PEMS buffer were cleared in 70% glycerol in PBS supplemented with 2.5%DABCO. Confocal image stacks were collected with a Leica TCS SP2 laser scanning confocal microscope and processed with Leica Confocal Software, ImageJ (http://rsbweb.nih.gov/ij/) and Adobe Photoshop 5.0.
Results
Adult and larval eyes of Tribolium
While taking similar positions closely caudal to the antenna in the lateral head capsule, the larval and adult eyes of Tribolium differ radically in morphology and cellular architecture. The adult eyes are compound, cover a major part of the adult lateral head, and exhibit a characteristic bilobed shape due to a protrusion of the strongly expanded gena in the anterior eye field (Fig. 2A) . The larval eyes are confined to two small cell clusters or stemmata, which due to their strong pigmentation stand out from the background of the weakly pigmented head capsule of the eucephalic larva (Fig. 2E) . Like their adult counterparts, the larval photoreceptor cells are densely filled with pigment granules resulting in the external visibility of the organ.
EGFP transgene expression driven from the artificial Pax-6 binding site based promotor of pBac{3XP3-EGFP}af beetles is restricted to the photoreceptor cells in the developing adult ommatidia ( Fig. 2B) (Berghammer et al., 1999; Horn et al., 2000) . Closer examination revealed that the enriched nuclear localization of the GFP facilitated identification of all eight photoreceptor cells (Fig. 2C ). We therefore used this GFP reporter line to analyze the morphology and cellular composition of the Tribolium larval eyes. In freshly hatched first instar larvae, strong GFP expression could be seen in a pair of lateral cell groups, which consisted of two discrete peripheral cell clusters corresponding to the dorsal and ventral stemma visible due to the pigment accumulation in the photoreceptor cells on each side of the larval head (Fig. 2F ). An additional small cluster of GFP expressing cells could be seen at the base of the two stemmata. The stemmatal photoreceptor axons fasciculate into a single optic nerve and project medially deep into the brain (Fig. 2F) . Throughout all stages examined, GFP was more evenly distributed in the cell bodies of the larval photoreceptors than in that of the adult (Fig. 2G ). Nonetheless, a total of approximately 25 putative photoreceptor cells could be identified, one third of which form the smaller dorsal stemma and the rest of which contributes to the ventral stemma. Tribolium thus possesses ''fusion stemmata'', in which case a single larval visual organ contains a larger number of photoreceptor cells than the presumptive ancestral adult ommatidium (Paulus, 1986) . In both the dorsal and the ventral stemma, the photoreceptor cells form a rosette like arrangement with a GFP free space in the middle (Fig. 2G ). This is consistent with previous investigations of the larval and pupal Tribolium visual system, at which stage each stemma consists of photoreceptor cells that are joined into a rosette and contribute loosely organized rhabdomeres into a central rhabdom (Fig. 2H ) (Friedrich et al., 1996) . No evidence for accessory cells such as cone or pigment cells was observed. The simple cellular architecture of the larval eyes contrasts strongly with that of the adult Tribolium ommatidia, which conforms to the basic insect ommatidial bauplan consisting of about 10 outer pigment cells, two primary pigment cells, four cone cells, and eight photoreceptor cells with highly organized, largely separated rhabdomeres ( Fig. 2D ) (Friedrich et al., 1996) . 3xP3-driven GFP expression could not be detected in the developing larval photoreceptor cells before completion of dorsal closure. As pigment synthesis can be observed at this time as well, it seemed unlikely that 3x3P expression reproduced the earliest stages of larval photoreceptor cell development. Also in Drosophila 3x3P-driven reporter gene expression has only been described in fully differentiated photoreceptors most likely reflecting the relatively late onset of the expression of rhodopsin genes, from which the Pax-6 activated regulatory element was isolated (Sheng et al., 1997) . More surprisingly perhaps we found that also the Tribolium ortholog of chaoptin is not transcribed before late embryogenesis (not shown) although being activated soon after onset of photoreceptor differentiation in Drosophila Van Vactor et al., 1988) .
The Tribolium gl gene
First evidence for the presence of a gl homologue in Tribolium came from cloning a genomic DNA fragment with significant sequence similarity to Drosophila gl by PCR amplification with redundant primers targeting sequence regions in the first and fourth finger. A 2108-bplong corresponding cDNA was subsequently cloned in several steps by a combination of RT-PCR, 3V RACE, and 5V RACE experiments. Accepting the Met codon with the highest start codon probability as starting point of the zinc finger region compatible open reading frame, the putative Tribolium gl protein is 392 amino acids long, which is considerably shorter than the 604 amino acids long Drosophila gl. Almost 20% of this length difference results from a 39 amino acids long stretch in Drosophila gl, which precedes a sequence motif that is strongly conserved in the Tribolium gl N-terminus (Fig. 3A) . Other regions of sequence length divergence are scattered between a total of six more than four amino acids long conserved sequence blocks including the highly conserved C-terminal zinc finger cluster. The Drosophila gl protein regions required for transcriptional activation and DNA binding have been mapped in detail, which allows the investigation of the correlation of protein function and evolutionary conservation (O'Neill et al., 1995) . Although strongly conserved among dipteran species and associated with a loss of 75% of transcriptional activation activity when deleted, the first 57 amino acids of Drosophila gl are not essential for transcriptional activation. Gradual loss or change over time of this domain as indicated by the shorter N-terminus in Tribolium gl is thus not inconceivable. The minimal activation domain between amino acids 131 and 214 of Drosophila gl shares a block of 11 identical amino acids with Tribolium gl, suggesting functional conservation in Tribolium. Two additional 14 and 9 amino acids long perfectly conserved sequence blocks are present between the minimal activation domain and the 93% conserved C-terminal zinc finger domain. This is consistent with the requirement of the corresponding region in Drosophila gl for full levels of transcriptional activation. The overall strong correlation between functional requirement and sequence conservation is broken by the region between Drosophila gl amino acids 349 and 379, however, which enhances the transcriptional activation activity of Drosophila gl by about threefold, but contains no regions with significant sequence similarity to Tribolium gl.
Consistent with the relatively strong conservation of the gl protein between Drosophila and Tribolium, databank searches with the protein sequence upstream of the zinc finger region also identified a homologue in the genome of A. gambiae (accession number EAA09224). As expected, the Anopheles gl homologue shows higher sequence similarity to Drosophila gl than Tribolium gl particularly in regions that diverged due to insertion and deletion events (Fig 3A) . We noted that the number of amino acid residues, which are shared between only Anopheles and Tribolium in conserved sequence blocks (12), is considerably higher than the number exclusively shared between Drosophila and Tribolium (1). Two of the Drosophila-specific amino acid changes map to the highly conserved zinc finger region. This suggests that the gl protein evolved faster in the lineage leading to Drosophila than in the lineage leading to Anopheles after diversification from their most recent common ancestor. Nonetheless, further homology searches with sequences upstream of the zinc finger region of either Anopheles or Tribolium gl failed to retrieve proteins with significant sequence similarity outside insects. Database searches with the zinc finger region of any of these three species on the other hand recovered a candidate homologue of gl among the annotated open reading frame sequences from the C. elegans genome project (accession number AAK68272) (Wilson, 1998) . The putative C. elegans gl homologue corresponds to the recently cloned Che-1 gene (accession number NP _ 491877) (Uchida et al., 2003) . It contains a cluster of four zinc fingers, which align with Drosophila gl zinc fingers two through five (Fig. 3B) , and are located at the C-terminus like in all insect gl orthologues. The Che-1 zinc finger region differs in 38 alignment sites from the corresponding Drosophila gl sequence. This compares to three and nine differences, which discriminate Drosophila from Anopheles and Tribolium, respectively (Fig. 3B) . The DNA binding domain of the C. elegans Che-1 protein is thus considerably diverged from those in known insect gl orthologues. However, all of the amino acid sites, which correlate with DNA contacting residues, are conserved (Wolfe et al., 2000) . Taking furthermore into account that only the last three fingers of Drosophila gl have been found to be essential for DNA binding (O'Neill et al., 1995) , the DNA binding specificity has likely remained conserved between Che-1 and Drosophila gl. Che-1 is thus a bona fide orthologue of Drosophila gl despite the lack of further sequence similarities upstream of the zinc finger region.
Tribolium gl expression in the developing adult retina
Consistent with its critical role in photoreceptor development, Drosophila gl is strongly expressed in the developing ocelli, the morphogenetic furrow, and all ommatidial preclusters of the differentiating retina (Fig. 4A) . To gather evidence for functional conservation, we analyzed expression of Tribolium gl in the early developing retina of late instar larvae and early pupae of the flour beetle by wholemount in situ hybridization. In resting stage Tribolium larvae, which have terminated food uptake and prepare for pupation, a strong signal could be detected along the anterior margin of the developing eye placode, which corresponds to the morphogenetic furrow (Fig. 4B) . Posterior to the furrow, expression became restricted to cells in the center of the developing ommatidial preclusters. In 1-day-old pupae, gl expression in the morphogenetic furrow appeared to have increased but separated into a dorsal and ventral domain extending a trend of reduced expression in the midline region of the anterior retina margin already visible in the resting larva stage (Fig. 4C) . The area of missing gl expression corresponds to the gena protruding posteriorly into the anterior eye field. This suggests that the morphogenetic events leading to the elaboration of the bilobed anterior retina margin involve early local inhibition of morphogenetic furrow progression. gl continued to be expressed in ommatidial preclusters throughout the pupal eye placode, where its expression was confined to all of the eight developing photoreceptor cells (Fig. 4D) . The photoreceptor-specific expression and the overall similarity of gl expression in the developing retina between Tribolium and Drosophila argued strongly that Tribolium gl was a functionally conserved orthologue of Drosophila gl involved in the transcriptional control of photoreceptor cell specification.
Embryonic expression of Tribolium gl
To trace back the embryonic origin of the Tribolium larval eyes, we analyzed Tribolium gl expression through all stages of embryogenesis (Fig. 5) . Consistent with a primary role in cell fate specification and differentiation processes, Tribolium gl was expressed in single cells or small confined cell clusters at any time point examined. During most of development, the presence of gl-expressing cells was entirely confined to the head region. Only in fully developed embryos gl expression was also observed in two defined cell clusters of the thoracic segments (Fig. 5N) . Most importantly, gl expression was also detected in a conspicuous pair of cell clusters closely posterior to the antennae at this stage perfectly matching the position of the stemmata already visible as a characteristic pair of pigment spots in wild-type embryos at this stage (compare Figs. 5M -O with P -R). This observation established that gl was expressed in the photoreceptors of the developing larval eyes. The larvaleye-specific expression of gl could be followed back to a small group of gl-expressing cells in the lateral head lobe ectoderm, which could thus be identified as the location of the embryonic larval eye primordium (Figs. 5D -F) . First expression in the larval eye precursor cells could be detected at the onset of germ band retraction. During progression of germ band retraction, gl expression increased strongly in the larval eye primordium and expanded along the dorsoventral axis (Figs. 5H,I ). Expression was not entirely continuous. A minimum of four expression foci could be discriminated suggesting the presence of closely adjacent gl expressing cell clusters. At the beginning of dorsal closure, gl expression levels in the larval eyes declined and refined into two larger cell clusters positioned at the lateral margin of the forming head capsule. The ventral cluster, positioned closer to the antennal appendage, was larger than the dorsal cluster thus anticipating the division into a dorsal and ventral stemma and thus indicating an advanced stage of organ differentiation (Figs. 5K,L) .
Detailed examination revealed that early specification and differentiation of the larval eyes was tightly correlated with the overall process of embryonic visual system development. No indication of visual system morphogenesis was detectable in the Tribolium protocerebral ectoderm until the onset of gl expression at its posterior margin. At this stage, two tissue folds of the head neuroectoderm indicated the beginning of the involution of the optic lobe primordia (Figs. 6A,B) . By the end of germ band retraction, the tissue region expressing gl had shifted dorsolaterally most likely due to extensive movement of dorsally adjacent neuroectoderm into the head during optic lobe invagination (Fig. 6C) . Optic lobe invagination was completed at the beginning of dorsal closure (Fig. 6D ) when the larval eyes had reached terminal differentiation stage (Fig. 5K) .
In addition to the larval photoreceptor cell precursors, gl was expressed in two more cell types during early embryogenesis. Earliest expression of gl was detected at germ band extension in a pair of cells or cell clusters anterior to the antennal appendages, which were located ventrally and in vicinity of the foregut (Figs. 5B,C) . Based on their close association with the embryonic foregut, these cells most likely corresponded to the differentiating corpora cardiaca, which have been described to develop by delamination from the foregut epithelium in other insect species and belong to the few nonphotoreceptor cells that express gl in Drosophila (Chang et al., 2001; Copenhaver and Taghert, 1991) . Tribolium gl expression in the corpora cardiaca was restricted to a transient pulse as the initially strong expression was reduced at the onset of germ band retraction, and completely lost by the end of germ band retraction (Figs. 5F,I ).
At early germ band retraction, gl expression was also detected in at least three individual cells or cell clusters of the developing protocerebrum, where gl-positive cells could be detected throughout most subsequent stages of development. By beginning of dorsal closure, their number had increased to a complex arrangement of minimally three cell clusters and additional single cells loosely scattered in the median and lateral protocerebral domains. gl is also expressed in specific neurons of the larval and adult brain of Drosophila where they are lower in number (Moses and Rubin, 1991) . The examination of possible homology relationships between these cells in Tribolium and Drosophila will require confirmation by additional markers that allow comparison of neuronal connectivity.
Early differentiation of the Tribolium larval eyes gl expression mapped the embryonic larval eye primordia to the dorsal region of the head lobe margin. To gain insight into the cellular dynamics of larval eye development, we investigated patterns of cell morphogenesis and neuronal differentiation in this compartment of the embryonic head. Consistent with the lack of gl expression in the larval eye primordia until the fully extended germ band stage, no evidence of morphogenetically active cell groups could be detected before onset of germ band retraction (Fig. 7A) . In subsequent stages of embryonic development, a rapidly increasing number of conspicuous cell clusters emerged in the posterior head lobe ectoderm (Figs. 7B -D) . Starting from a single cluster, a final number of five discrete cell clusters, which aligned roughly along the anteroposterior body axis, could be detected by the end of germ band retraction (Fig. 7D) . The location and distribution of these cell clusters was in good correspondence to that of glpositive cell clusters observed by in situ hybridization (Fig. 5H ). Also consistent with the light microscopic observations, inspection of confocal sections taken at deeper focus plane confirmed the parallel timing of larval eye differentiation and optic lobe invagination. First indication of optic lobe invagination could be detected in early germ band retraction embryos that had formed the first larval eye photoreceptor cluster (Fig. 7B) . The invaginating optic lobe formed a tissue cleft running parallel to the row of larval photoreceptor cell clusters (Fig. 7E) . By the time optic lobe invagination was completed at the beginning of dorsal closure, the larval photoreceptor clusters started to rearrange their relative positions. The ventral-most three primary clusters and the dorsal-most two primary cell clusters began to assemble into larger epiclusters corresponding to the dorsal and ventral stemmata in the terminally differentiated larval eye (Fig. 7F) .
Consistent with the sequential emergence of the five putative photoreceptor cell clusters in the lateral head lobe ectoderm, we also observed sequential expression of neuronal antigens as detected by anti-HRP antibody (Fig. 8) . As has been observed previously for the differentiating cells in the developing ommatidia of Drosophila (Tomlinson and Ready, 1987) , neuronal differentiation was delayed compared to morphogenetic differentiation. While all five cell clusters had formed before the end of early germ band retraction, only two of these contained cells that expressed neuronal antigens detected by the HRP-antibody indicating that none of the cells in the younger clusters had reached yet the state of neuronal differentiation (Figs. 8 A -C) . At the beginning of dorsal closure, neuronal differentiation was initiated in all of the five cell clusters (Figs. 8D -F) . The complete overlap of neuron-and cell-shape-specific signals indicated that all cells participating in the primary cluster were neuronal and thus photoreceptors.
Comparative mapping of the ontogenetic origin of the Tribolium larval eyes
The emergence of the larval photoreceptors at the Tribolium head lobe margins was highly reminiscent of the initiation of adult retina differentiation in the embryonic eye lobes of nonholometabolous insects. To map the position of the early developing larval photoreceptors in the embryonic visual primordium of Tribolium more accurately and in a molecularly defined comparative context, we analyzed and compared embryos double-labeled with gl and the patterning gene wg. In nonholometabolous insects such as the grasshopper S. americana, wg is strongly expressed in a dorsal and ventral domain at the border between eye lobe and the remainder of the embryonic protocerebrum, thereby demarcating the anterior border of the prospective eye field (Friedrich and Benzer, 2000) . These expression domains are recapitulated as dorsal and ventral expression domains in the anterior compartment of the eye imaginal disc of Drosophila where wg forces the initiation of retina differentiation to the midline of the posterior margin of the eye field by down-regulating retina differentiation promoting genes and inhibiting photoreceptor differentiation (Ma and Moses, 1995; Treisman and Rubin, 1995) . Also, in Schistocerca, retina differentiation initiates at maximal distance to the anterior wg expression domains at the midline of the posterior margin of the eye lobe (Fig. 9C) . In summary, these data qualify wg as a conserved marker of the anteroposterior and polar axes of the embryonic insect retina primordium.
The early stages of head morphogenesis as well as the expression of wg are strongly conserved between grasshopper and flour beetle (Figs. 9A,B) . Importantly, homologous wg expression domains mark the anterior margin of embryonic visual primordium in the head lobes (Fig. 9B) . The overall morphology and molecular compartmentalization of the Tribolium eye lobes at developmental stages that precede larval photoreceptor differentiation is thus remarkably similar to that in grasshopper although the differentiation of the adult retina is postembryonic. Double-labeling experiments with wg and gl revealed that this similarity extends to the spatial control of embryonic photoreceptor differentiation (Figs. 9C,D) . The onset of larval eye development in the Tribolium eye lobes was observed at maximal posterior Fig. 9 . Comparative mapping of the ontogenetic origin of larval eyes in Tribolium. ant = antenna, ele = eye lobe ectoderm, elo = eye lobe, int = intercalary segment, lbr = labrum, man = mandible, ola = optic lobe anlage, pne = protocerebral neuroectoderm, sto = stomodeum. Scale bar corresponds to 50 Am. (A) wg mRNA expression (blue) in the grasshopper embryonic head at about 27% of development viewed from frontal perspective. Expression is seen in the mandible segment, intercalary segment, antennae, and labrum. A dorsal (D) and a ventral (V) expression domain demarcate the visual primordia or eye lobes from the rest of the embryonic head. wg is also expressed in a neuroectodermal patch median to the wg eye lobe domains (star). (B) wg mRNA expression (dark blue) in the Tribolium embryonic head at germ band extension stage viewed from frontal perspective. wg is expressed in the same domains as in the grasshopper embryonic head including the head lobes where a dorsal and ventral domain demarcate the embryonic visual primordia. The strong stomodeal expression domain seen in Tribolium is out of focus in A. (C) Lateral view of grasshopper eye lobe at 40% of development labeled with wg (blue) and monoclonal antibody13E10 (brown), which marks the neuronal cell masses of the developing neuropil compartments lobula and medulla in the optic lobe anlage, and the first differentiating photoreceptors (arrowhead) centered in the midline of the posterior eye lobe ectoderm. (D) Lateral view of Tribolium embryonic head at germ band retraction labeled with wg (brown) and gl (blue) antisense RNA to visualize the relation of eye lobe wg expression domains and larval photoreceptor differentiation (arrowhead). distance to the polar wg expression domains perfectly congruent with the spatial control of the initiation of adult retina formation in the grasshopper embryo. This finding supports the idea that the Tribolium larval eyes derived from the first developing photoreceptors in the ancestral embryonic eye field.
Discussion
Evolutionary origin of the gl gene gl is among the few essential Drosophila eye developmental genes for which homologues have previously not been found in deuterostomes or other animal phyla. Targeted molecular cloning approaches as well as homology searches in the genome databanks of the sea squirt Ciona intestinalis, the puffer fish, zebra fish, mouse, and humans have failed to recover convincing orthologues. This raised the question if gl is of evolutionarily more recent origin or has been lost from major animal lineages such as vertebrates. Sequence and expression analysis of the Tribolium homologue of gl indicate that gl function in specification and differentiation of insect photoreceptor cells and the corpora cardiaca is highly conserved. This may also apply to the differentiation of specific neurons in the developing brain, which express gl in both Tribolium and Drosophila. These results suggest that gl is an old gene minimally predating the origin of holometabolous insects. Further support comes from the recent discovery of the gl-like zinc finger gene Che-1 in the nematode C. elegans by genetic mutant screening and homology search (Uchida et al., 2003) . The C. elegans gl homologue Che-1 is required for the specification of a subset of chemosensory neurons and transiently expressed in number of additional, as yet noncharacterized neuronal cells. These aspects are in good agreement with the conserved function in cell fate specification of insect gl. Yet, it remains unclear whether photoreceptor cell differentiation is among the ancient functions of gl. C. elegans possesses a highly reduced visual system, the cellular and molecular composition of which is uncertain (Burr, 1985) . Cloning and expression analysis of gl in nematode species with primitive pigment cup eyes will be required to address the question of possibly conserved photoreceptor specification function of gl (Burr and Babinszki, 1990) . DNA binding specificity and transcriptional transactivation activity of Che-1 need also be analyzed to corroborate the likely orthology relationship to insect gl.
Finding gl photoreceptor specification function conserved in basal phyla would have important implications for our understanding of the evolution of the animal eye by providing further evidence for a monophyletic origin of photoreceptor cells. Unfortunately, the bona fide C. elegans gl homologue is unsuitable to answer this question not only because of the reduced visual system of C. elegans but also because the phylogenetic position of nematodes is uncertain, being either closely related to arthropods or at the base of the Metazoa (Aguinaldo et al., 1997; Blair et al., 2002; Hausdorf, 2000) . Ongoing work in our laboratory has identified gl orthologous sequences in a range of invertebrates including plathyhelminthes and annelids (Z.L. and M.F., unpublished) . This indicates that the origin of gl at least predates protostome diversification. Expression studies and further cloning approaches in diploblast species are on the way to address if gl was part of an ancient eye developmental program present in the ancestor of all bilaterians.
Stemmata development in beetles and the evolutionary origin of insect larval eyes Development often recapitulates aspects of body plan evolution. It is therefore reasonable to expect that the postulated ancestry of stemmata from adult compound eye ommatidia is reflected in similarities with adult retina differentiation and, more specifically, with the process of embryonic retina differentiation in nonholometabolous insects. Indeed, several intriguing molecular developmental and physiological similarities between the highly derived Bolwig organ and the adult compound eye retina in Drosophila support the hypothesis that insect larval eyes are evolutionarily related to the adult eye (Daniel et al., 1999; Paulus, 1979) . Both sense organs require the activation by the hedgehog (hh) signaling pathway and expression of the transcription factors eyes absent, sine oculis, and atonal during initiation of differentiation, and the activation of the EGFR signaling pathway for subsequent maintenance of cell fate states (Daniel et al., 1999; Suzuki and Saigo, 2000) . The differentiated Bolwig organ and adult retina also share expression of the same blend of rh gene paralogues (rh1, rh3, rh4, rh6), whereas a different paralogue (rh2) is expressed in the ocelli (Pollock et al., 1990; Yasuyama and Meinertzhagen, 1999) .
While molecular imprints of the evolutionary relatedness between larval and adult eyes seem to be still in existence in Drosophila, less evidence has been conserved at the level of tissue morphogenesis. The Bolwig organ forms as a single cell cluster at the dorsal lip of the embryonic eye placode, a dorsolateral compartment of head neuroectoderm, which gives rise to all parts of the adult eye except the retina (Fig. 11A) (Green et al., 1993) . Four pioneer cells have been described to differentiate first followed by eight additional peripheral cells vaguely resembling the stepwise recruitment of photoreceptor cells during development of adult ommatidia. Nonetheless, the associated patterns of tissue and cell morphogenesis exhibit little similarity to the progressive formation of cluster arrays emerging from the morphogenetic furrow during adult retina formation in the Drosophila eye imaginal disc.
Likewise, morphogenesis and spatial regulation of Bolwig organ development exhibit little similarity to embryonic retina differentiation in nonholometabolous insects. In the latter, adult retina differentiation initiates in ectodermal tissue at the posterior margin of conspicuous lateral embryonic head compartments, the eye lobes, from which the entire adult visual system develops. As in the Drosophila eye disc, a morphogenetic furrow is formed, which moves anteriorly through the prospective adult retina tissue field. There is little topological similarity between the visual primordia of the Drosophila embryo and the embryonic eye lobes in more primitive insects because embryonic eye lobe formation has been strongly modified during evolution of the acephalic larva type of cyclorrhaphan flies to which Drosophila belongs. The derived mode of Drosophila embryonic head development is very likely to lack ontogenetic aspects that reflect the evolutionary origin of the larval eyes.
The situation is different in less-derived species such as primitive representatives of the Diptera and other holometabolous insect orders including the Coleoptera. The comparison of wg expression domains between Tribolium and Schistocerca demonstrates that the development of the primitive eucephalic larval head proceeds through conserved elaboration of head and eye lobe compartments. Coleopteran species are therefore more suitable for recovering ancestral aspects of larval eye development. Consistent with this, the first detailed histological analysis of larval eye development outside Drosophila carried out in the meloid beetle species Lytta viridana discovered a strong congruence with embryonic retina differentiation in hemimetabolous insects (Heming, 1982) . In Lytta, first indication of larval photoreceptor differentiation could be detected in the lateral protocerebral head ectoderm corresponding to the lateral edge of the eye lobes in nonholometabolous insects. We confirmed this observation in Tribolium using the gl gene as a molecular marker for the onset of photoreceptor differentiation. By relating the larval photoreceptor specific expression of gl to the conserved expression domains of wg at the anterior embryonic eye lobe margins, we further corroborated the conservation of spatial regulation of larval eye development in holometabolous insects and embryonic retina differentiation in nonholometabolous insects. Consistent with this, ongoing studies in our lab indicate that the expression of Tribolium eye determination genes colocalizes in the early developing larval photoreceptors (Yang and Friedrich, unpublished) .
Comparative mapping of the ontogenetic origin of the Tribolium larval eyes thus renders further support to the idea that the first differentiating photoreceptors of the ancestral embryonic eye field, still conserved in primitive insects, evolved into the larval eyes of extant holometabolous insects (Paulus, 1979) . The corresponding developmental changes underlying the evolution of the larval eyes in Tribolium and Drosophila are summarized in Fig. 10 . In the common ancestor of holometabolous insects, mechanisms must have evolved, which repressed the progression of embryonic retina differentiation after formation of a limited number of primordial ommatidia. Consistent with this, the early embryonic larval eye anlage of Tribolium forms a fairly regular first row of cell clusters reminiscent of the precluster array of the developing adult retina. It is notable that in both Tribolium and Lytta larval eye development proceeds in the absence of increased cell proliferation or formation of a morphogenetic furrow like differentiation zone, while being strongly correlated with optic lobe invagination. These aspects may represent conserved elements of larva-specific eye development in higher insects, possibly instrumental in the evolution of the derived repression of embryonic retina differentiation.
Correlated with the evolution of larva-specific eyes of embryonic origin and adult-specific eyes of postembryonic origin, mechanisms must have evolved that precluded the reintegration of the embryonic ommatidia into the adult retina, which is a defining feature of stemmata observed in systems as primitive as that of scorpion flies (Gilbert, 1994) . Postembryonic relocation of the larval photoreceptors into the adult brain has been documented for many species. This furthermore implies that stemmata evolved both larva-and adult-specific functionality (Gilbert, 1994; Ichikawa, 1991) . The Drosophila Bolwig organ for instance redifferentiates during metamorphosis into an accessory internal visual organ participating in circadian rhythm control (HelfrichForster et al., 2002) .
In advanced lineages, more complex developmental mechanisms evolved leading to the origin of larval-eyespecific cellular architectures highly derived from the ancestral ommatidium. In many cases, this involved reduction of cone and pigment cells as seen in both Tribolium and Drosophila. The fusion of initial single clusters into larger joint clusters during larval eye development in Tribolium in particular confirms the hypothesis that stemmata with photoreceptor cell numbers exceeding that of eight in single ommatidia of the adult retina evolved by integration of primordial ommatidial clusters into expanded clusters (Paulus, 1986 ). Photoreceptor cell cluster fusion has not been reported for Lytta (Heming, 1982) . This difference may be due to the higher level of histological resolution in our study, or to structural differences between the Lytta and Tribolium larval eyes. The Lytta larval eyes consist of only a single stemma, which contains a pseudostratisfied layer of a large number of photoreceptor cells (Heming, 1982) . The most primitive coleopteran larval eyes consist of six discrete stemmata (Gilbert, 1994; Paulus, 2000) . A more comprehensive comparative study will be required to determine if the smaller number of stemmata in Tribolium and Lytta evolved via reduction or secondary fusion of ancestral clusters.
The existence of animal species equipped with multiple serially homologous or paralogous eye structures has been proposed to indicate that the replication of visual organs may have played a role in the morphological and functional diversification of animal eyes (Oakley, 2003) . At first glance, the evolution of larval eyes in higher insects presents itself as a possible example of organ replication followed by morphological modification in some lineages. However, the inferred scenario of larval eye evolution implies that stemmata did not originate by organ duplication in a strict sense but instead by partitioning of the ancestral embryonic anlage. Consequently, the larval eyes are not paralogous to the adult compound eye in a strict sense. They are orthologous to the posterior most ommatidia in the adult retina of nonholometabolous insects. Remarkably, this is still reflected by the fact that the larval eyes withdraw during metamorphosis from their original position closely caudal of the antennae to a position closely posterior of the starting point of adult retina differentiation, which corresponds to that of the orthologuous ommatidia in primitive insects. The relationship between larval and adult ommatidia within the same individual may be described as that of ''consecutive homology'' as proposed by Paulus (1989) provided structure partitioning is assumed as the basis of common origin instead of structure duplication as in the case of serial homology.
Recent comparative analyses of the endocrine control of insect development have reinforced the view that the larval stage of the Holometabola corresponds to a specific embryonic stage in nonholometabolous insects, the pronymph, from which the larval morphology evolved by prematurely terminating morphogenesis and initiating terminal differentiation Riddiford, 1999, 2002) . The larvaspecific morphology of different organs can therefore be understood as incompletely developed adult morphology. The locomotory appendages of the thoracic segments for instance, which develop into reduced larval appendages during embryogenesis, reinitiate growth and morphogenesis during pupation to complete their development into the adult structure. It is an interesting particularity of the retina Fig. 10 . Developmental mechanisms underlying the evolution of insect larval eyes. The first step leading to the emergence of larva-specific eyes of holometabolous insects involved partial suppression of retina differentiation during embryogenesis leading to the dissociation of the development of larval ommatidia (green) and adult ommatidia formed during postembryogenesis (blue) in the common ancestor of holometabolous insects. The larval ommatidia are thus homologous to the earliest formed ommatidia at the posterior margin of the ancestral adult compound eye field (green). Subsequently, larval eyes diversified further in different insect lineages. In the evolutionary lineage leading to the Mecoptera, the ancestral bauplan of the insect compound eye retina has remained conserved (stasis). The evolution of the Tribolium larval eye involved reduction of pigment and cone cells (brown background of the eye field) and fusion of single clusters into larger clusters. The Drosophila larval eyes may have evolved similarly or by reduction to a single ommatidial preclusters and secondary amplification of eight photoreceptor cells to 12.
that the larval structure is not functioning as the primordium of the related adult structure. Nonetheless, the scenario of larval eye evolution reconstructed in the present study is compatible with the assumed evolutionary transformation of the pronymph into the larval form of holometabolous insects as it identifies the stemmata as the prematurely terminally differentiated derivatives of an ancestral adult structure.
Visual primordium anlagen map in the Tribolium embryo Tribolium represents an intermediate stage of embryonic visual system development. The conserved expression of wg suggests that the embryonic Tribolium visual primordium forms in a manner very similar to that of primitive insects. The subsequent events of visual anlagen development, however, differ greatly. In nonholometabolous insects, the optic lobe compartments derive by delamination of neuroectdermal cells. The remaining cells of the visual primordium neuroectderm constitute the continuous embryonic anlage of the adult retina ( Fig. 11C) (Roonwal, 1936) . In Tribolium, the optic lobe precursor cells originate by invagination from the lateral head neuroectoderm, the characteristic mode of optic lobe development in holometabolous insects (Ullman, 1967) . Consistent with the advanced mode of optic lobe development, the spatial arrangement of the embryonic visual system anlagen in Tribolium corresponds more closely to Drosophila (Fig.  11A) . In the latter, the larval photoreceptors develop from cells in the lateral head ectoderm or the most lateral position of the head lobes, which corresponds to the posterior area of the ancestral retina field, and abut with the optic lobe anlagen tissue at their anterior margin (Daniel et al., 1999; Green et al., 1993) . The anlagen of the adult retina, which are the precursor cells of the eye imaginal discs, are located anterior of the optic lobe anlagen, which corresponds to the anterior area of the ancestral eye field (Fig. 11A ). The present study shows that the anlagen of the larval eyes and optic lobes are similarly positioned in Tribolium. The larval eyes differentiate at the lateral margins of the head lobes corresponding to the posterior tip of the ancestral eye field. Like in Drosophila, their anlagen is adjacent to the optic lobe precursor tissue, which invaginates during germ band retraction forming a pocket hole, the lip of which parallels the single rows of larval photoreceptor preclusters. Considering the similarity of larval eye and optic lobe anlagen organization in Drosophila and Tribolium, it seems likely that the embryonic anlagen of the Tribolium adult retina is positioned anterior to the optic lobe anlagen and thus also dissociated from the developing larval eyes (Fig. 11B) . Thus, the precursor tissue for the Tribolium eye placode, the equivalent of the Drosophila eye imaginal disc, should be derived from cells between the optic lobe anlage and the anterior wg expression domains. This would imply a major reorganization of visual primordium development during the evolution of the ancestor of the Holometabola involving a split of the originally continuous embryonic retina field by the optic lobe anlagen. Expression analysis of adult retina anlagen-specific markers such as eyeless may allow mapping the missing piece in the Tribolium visual primordium fate map and provide further insights into the significant developmental changes associated with the evolution of derived visual organs. supported by start-up funds from Wayne State University and NSF grants DBI-0070099 and DBI-0091926.
